Eight transmembrane segments in the Arabidopsis Na ＋ transporter, AtHKT1, have been proposed to be arranged around the axis of the pore. We report here that the addition of a GFP or a FLAG tag to the C terminus of AtHKT1 impairs the Na ＋ transport in Xenopus ooytes as detected by electrophysiological measurements.
The HKT transporter from Arabidopsis thaliana, AtHKT1, is selective for Na ＋ over K ＋ in Xenopus laevis oocytes. 1) In plants, AtHKT1 has been recently reported to be one of the key components of the Na ＋ transport system. [2] [3] [4] The homologous proteins of HKT transporters have also been found in E. coli, Vibrio alginolyticus, Enterococcus hirae, and Saccharomyces cerevisiae.
5) The bacterial homologous proteins have been identiˆed as K ＋ uptake systems in their respective organisms. The study of the structure and function of HKT transporters has revealed that AtHKT1 contains eight transmembrane regions, which results in a pore-forming structure similar to the tetramers of the K ＋ channel subunits. 6, 7) The membrane topology of AtHKT1 shows that the N and C termini are predicted to be located next to each other as shown in Fig. 1 .
Reporter proteins or oligopeptide epitopes which can be detected by antibodies are very useful in pursuing the study of AtHKT1 proteins. The amino acid residues at the N and C terminal cytoplasmic regions are predicted to be only 19 and 7 residues.
7) The predicted number of amino acids composing N or C terminal cytoplasmic region are extremely short compared with other membrane proteins such as the Arabidopsis KUP type K ＋ transporters and K ＋ channels (Fig. 1) . 5, 8) We postulated that the number of amino acids in the terminal region might be critical for the functionality of AtHKT1 topology, and the addition of an extra peptide at the N or C termini of AtHKT1 may interfere with the proper expression of AtHKT1 transporter.
In this study, to estimate whether the introduction of a peptide would aŠect the AtHKT1 function, AtHKT1 was tagged with FLAG or green ‰uores-cence protein (GFP) at either the N terminus (FLAGAtHKT1, GFP-AtHKT1) or the C terminus (AtHKT1-FLAG, AtHKT1-GFP). The genes encoding GFP-AtHKT1 and AtHKT1-FLAG, were inserted between the control of the dual T7 W GAL1 promoter and poly A sequence in the plasmid used in the previous study.
1 ) The genes encoding AtHKT1-GFP were put under the control of the dual T7 W GAL1 promoter of the pYES2 vector (Invitrogen). The resultant plasmid does not have any poly A sequence. The genes encoding FLAG-AtHKT1 was 
. Functional Characterization of AtHKT1 Fusions in
Xenopous Oocytes. The ionic currents were recorded at 100 mM NaCl (squares), or TrisCl (circles), or KCl (triangles). Recordings of the membrane currents were measured from -150 mV to ＋50 mV with -20 mV increments and step-pulse duration of 300 msec. Experiments were done in a solution containing 1 mM MgCl 2 , 1 mM CaCl 2 , 100 mM TrisCl, (or NaCl, KCl), 10 mM MES-BTP, pH 7.3. The osmolalities (230-250 mosmol W kg) were measured with an osmometer. constructed by the insertion of the AtHKT1 gene into the multicloning site of the pCMV-Tag2a vector (Stratagene). The resultant fusion proteins, FLAGAtHKT1, GFP-AtHKT1, AtHKT1-FLAG, and AtHKT1-GFP, have an extra peptide containing 17, 243, 21, and 255 residues, respectively (Fig. 1) .
The function of AtHKT1 fusion proteins was evaluated using two electrode voltage clamp electrophysiological measurements in X. oocytes. 1) For AtHKT1, Tris(hydroxymethy)aminomethane (Tris) was used as the non-permeant cation, and the relative reversal potential shift and current amplitude derived from the wild type and fusions which were expressed in the diŠerent barth solutions was compared. The wild type, FLAG-AtHKT1, and GFP-AtHKT1 showed positive shifts in the reversal potential upon Na ＋ -containing bath solutions conˆrming Na ＋ permeability in oocytes (Fig. 2) . The current amplitude was larger than those in Tris-or K ＋ -containing solution. The AtHKT1-FLAG and AtHKT1-GFP did not elicit Na ＋ currents, indicating that these constructs may not be properly expressed in X. oocytes. We tried to conˆrm the expression of proteins by immunoblot detection in the crude extract from AtHKT1 fusions expressed in oocytes. We could not detect the expected bands, presumably due to the reduced amount of the protein. We can not however rule out the possibility that the AtHKT1-GFP and AtHKT1-FLAG were sorted into subcellular membranes instead of the plasma membrane in X. oocyte. In fact, there is a report that the attachment of the GFP at the N terminus altered the cellular distribution of aquaporin 6. 9) However, in the previous study on AtHKT1, AtHKT1 constructs tagged with the FLAG epitope at the N terminus and C terminus were expressed in the plasma membrane of HEK293 cells. 6) Taken together, we considered that the peptide fusion at the C terminus of AtHKT1 is likely to induce the decrease in the amplitude of Na ＋ currents. We next examined whether the fusions had completely lost the Na ＋ permeability. Na ＋ sensitivity of AtHKT1 fusions was analyzed by expressing them in the Saccharomyces cerevisiae G19, which is sensitive to salt stress due to mutations in the gene encoding the Na ＋ extruding pump. 1) Since the expression of the wild type and the fusions increased the salt sensitivity, their growth rate decreased compared with the cells containing the empty vector (Fig. 3) . As long as the Na ＋ permeability was monitored by the assay with the yeast mutant, the fusions at its C terminus still had Na ＋ transport activity. These data suggested that the addition of a tag sequence at the C terminus led to a signiˆcant decrease in Na ＋ transport as detected by electrophysiological measurements, but the addition of the extra amino acids at the N terminus did not. Durell and Guy have predicted that the eight trans-membrane segments of HKT proteins are arranged in a counter-clockwise direction around the axis of the pore. 6, 7) In consequence, the N and C termini are localized adjacent each other in the membrane structure. Our results strongly suggest that the number of cytoplasmic residues in both termini may be constrained to express their function. The inhibition by the addition of amino acids at the C termini may be due to the distortion of the AtHKT1 structure.
